Two independent pathways operate in plants for the synthesis of isopentenyl diphosphate and dimethylallyl diphosphate, the central intermediates in the biosynthesis of all isoprenoids. The mevalonate pathway is present in the cytosol, whereas the recently discovered mevalonate-independent pathway is localized to plastids. We have used isolated peppermint (Mentha piperita) oil gland secretory cells as an experimental model system to study the effects of the herbicides fosmidomycin, phosphonothrixin, methyl viologen, benzyl viologen, clomazone, 2-(dimethylamino)ethyl diphosphate, alendronate, and pamidronate on the pools of metabolites related to monoterpene biosynthesis via the mevalonate-independent pathway. A newly developed isolation protocol for polar metabolites together with an improved separation and detection method based on liquid chromatography-mass spectrometry have allowed assessment of the enzyme targets for a number of these herbicides.
The growing body of gene sequence information from a variety of plants, in combination with experimental genomics, is beginning to revolutionize the understanding of plant metabolism. These new technologies based on sequence information can be readily integrated with traditional biochemical and genetic approaches to add new dimensions to the study of complex metabolic pathways in plants. T-DNA and transposon insertion mutagenesis (Feldmann, 1991; Tissier et al., 1999) , the analysis of synteny between different plant species (Devos and Gale, 2000) , the use of chimeraplasty to create specific mutations in plant genes (Beetham et al., 1999) , and the introduction of activation tagging as a gain-offunction screen (Weigel et al., 2000) have already revealed new insights into the function of specific genes. Microarray tracking of global gene expression in a plant cell or tissue (Van Hal et al., 2000) and proteomic analysis of protein expression patterns (Thiellement et al., 1999) have evolved as additional powerful tools to draw a broader picture of how plants alter biochemical processes over time or in response to environmental stimuli. Furthermore, metabolomics provides complementary information from profiles of metabolites produced by various plants and plant tissues in response to change. For example, this approach has been used successfully to study metabolite flux perturbations by gas chromato-graphy-mass spectrometry in transgenic potato tubers modified in Suc metabolism (Roessner et al., 2000) .
A central focus of this laboratory is isoprenoid metabolism in plants. Using peppermint (Mentha ϫ piperita) as a model system, we have used traditional reverse genetics as well as functional genomics approaches to define the biosynthetic steps involved in the formation of peppermint isoprenoids that are synthesized in specialized anatomical structures termed oil glands (Lange et al., 2000a) . The secretory cells of the oil glands are highly specialized for the synthesis of monoterpenes via the plastidial mevalonate-independent pathway (Fig. 1 ), and these fully functional, isolated cells are nonspecifically permeable to low-M r (Յ1,000), water-soluble compounds (McCaskill et al., 1992) . As a consequence of their anatomy and the method of isolation (Gershenzon et al., 1992) , the cytoplasm of the isolated secretory cells is depleted of endogenous metabolites. However, the intracellular composition of cofactors and substrates can be adjusted by the buffer in which the cells are suspended (McCaskill and Croteau, 1995) . We have recently developed a method that allows the simultaneous separation and detection of polar intracellular metabolites of plant isoprenoid biosynthesis by a combination of HPLC and mass spectrometry (LC-MS; R.E.B. Ketchum, B.M. Lange, and R. Croteau, unpublished data). Here, we describe the use of this analytical technique to identify the mode-of-action of herbicides that target monoterpene biosynthesis in peppermint. This procedure involves the feeding of isolated peppermint oil gland secretory cells with labeled precursors of isoprenoid biosynthesis in the presence of putative inhibitors of this pathway (Fig. 2) , the subsequent isolation of polar intracellular metabolites, and the separation and characterization of these metabolites by LC-MS.
RESULTS AND DISCUSSION

Inhibitors of Isoprenoid Biosynthesis
This study focuses on putative inhibitors of the early steps of isoprenoid biosynthesis leading to the production of isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP) and their assembly to prenyl diphosphates ( Fig. 1) . Foliar application of phosphonothrixin ( Fig. 2A) , a compound isolated from the fermentation broth of Saccharothrix sp. ST-888, induces non-selective leaf chlorosis in several plant species (Kimura et al., 1995; Takahashi et al., 1995) . However, no antibiotic effects of this compound have been observed in paper-disc assays against certain eubacteria, ascomycetes, and yeasts (Takahashi et al., 1995) . Phosphonothrixin was included in this screening program because of its notable structural similarity to deoxyxylulose phosphate (DXP), the first intermediate of the mevalonate-independent pathway of isoprenoid biosynthesis ( Fig. 2A) .
Fosmidomycin, a nitrogen-containing phosphonate antibiotic (Fig. 2B ) produced by Streptomyces lavendulae (Okuhara et al., 1980) , has been shown previously to affect isoprenoid biosynthesis in several bacteria (Shigi, 1989) and in the malaria-causing parasite Plasmodium falciparum (Jomaa et al., 1999) , and has been demonstrated to possess herbicidal activity (Patterson, 1987; Kamuro et al., 1991) . The mode-of-action of this compound has recently been reported to involve the inhibition of 1-deoxyxylulose 5-phosphate reductoisomerase (DXR) of the mevalonate-independent pathway (Kuzuyama et al., 1998; Zeidler et al., 1998; Fellermeier et al., 1999; Jomaa et al., 1999) .
Methyl viologen (paraquat) and its structural analog benzyl viologen ( Fig. 2C ) cause oxidative stress by generating reactive oxygen species (Hassan and Fridovich, 1979; Bus and Gibson, 1984) . In a variety of bacteria, benzyl viologen treatment leads to the accumulation of 2-C-methyl-d-erythritol 2,4-cyclodiphosphate (Turner et al., 1992; Ogrel et al., 1996; Ostrovsky et al., 1998) , an intermediate of the mevalonate-independent pathway (Herz et al., 2000; Takagi et al., 2000) .
The herbicide clomazone (dimethazone; Fig. 2D ) produces leaf bleaching by significantly reducing the levels of plastidial pigments such as carotenoids and chlorophylls (Sandmann and Bö ger, 1986; Duke and Kenyon, 1988) . The enzyme target of this herbicide is not yet defined (Lutzow et al., 1990; Croteau, 1992) . , 2000b) . Further reactions include the conversion of IPP to DMAPP, catalyzed by IPP isomerase (Ogura, 1999) , followed by sequential condensation reactions catalyzed by prenyltransferases (Ogura, 1999) . These prenyl diphosphates (e.g. geranyl diphosphates) undergo cyclizations and subsequent secondary transformation (largely redox) reactions leading to diverse isoprenoid end products (McGarvey and Croteau, 1995) .
In peppermint secretory cells, the mevalonate pathway is blocked as indicated by dotted lines (McCaskill and Croteau, 1995) , making these cells an excellent in vivo system for studying herbicide effects on the mevalonate-independent pathway. Fig. 2E ) is a presumptive transition-state analog of the intermediate of the IPP isomerase reaction (Mü hlbacher and Poulter, 1988) , and this compound has been shown recently to inhibit isoprenoid biosynthesis in plants (McCaskill and Croteau, 1999) .
2-(Dimethylamino) ethyl diphosphate (DMAEPP;
Nitrogen-containing bisphosphonates have been used as therapeutic agents in treating disorders such as osteoporosis, metastatic bone disease, and Paget's disease (Fleisch, 1998) . In recent work, these bisphosphonates, including alendronate and pamidronate ( Fig. 2F ), have been shown to inhibit mammalian IPP isomerase and farnesyl diphosphate synthase activity in vitro (Van Beek et al., 1999) and farnesyl diphosphate synthase and geranylgeranyl diphosphate synthase activity in plants in vivo (Oberhauser et al., 1998; Cromartie et al., 1999) .
Effects of Inhibitor Treatments on Monoterpene and Sesquiterpene Accumulation
Secretory cells were isolated from peppermint leaves and incubated with a cofactor mix to reconstitute functional isoprenoid biosynthesis. Under these conditions, [2-14 C]pyruvate, a precursor of isoprenoid biosynthesis via the mevalonate-independent pathway, was efficiently incorporated into monoterpenes and sesquiterpenes (65-70 pmol/h ϫ 10 5 secretory cell clusters) which were trapped in n-pentane overlaying the suspension. Compared with these controls, the herbicide-treated cells showed significant inhibition of monoterpene and sesquiterpene biosynthesis at the 2-mm level: pamidronate (incorporation of label from [2-14 C]pyruvate decreased to 33% of control), benzyl viologen (to 49%), fosmidomycin (to 51%), methyl viologen (to 55%), clomazone (to 55%), DMAEPP (to 58%), and alendronate (to 80%) ( Fig. 3) . In contrast, phosphonothrixin (at 2 mm) did not appear to inhibit isoprenoid biosynthesis in peppermint secretory cells and was, thus, excluded from further investigations.
Effects of Inhibitors on Prenyl Diphosphate Accumulation
Suspensions of isolated secretory cells were incubated with [2,3-13 C 2 ]pyruvate in the presence of the cofactor mix, as before, and the cells were then harvested by centrifugation without disruption. The su- pernatant was discarded and the pelleted secretory cells were disrupted by sonication to release intracellular metabolites. (Note that because of the permeable nature of these cells, the incubation buffer and cytosol are in equilibrium; plastidial metabolites, however, are likely sequestered at this locale.) Contaminating proteins in the cell extract were denatured by addition of CHCl 3 , and soluble metabolites were adsorbed to an anion-exchange resin that was subsequently eluted using a volatile buffer. After concentration under vacuum, metabolites were analyzed by an LC-MS method optimized for the separation and detection of prenyl diphosphates {IPP, m/z
Both IPP and DMAPP were detectable in extracts obtained from (untreated control) oil gland secretory cells (ratio Ϸ 1:1; Fig. 4 ). No de novo incorporation of [2,3-13 C 2 ]pyruvate into IPP and DMAPP was detected, as indicated by the absence of Mϩ2 signals. However, a considerable de novo incorporation of label into GPP was observed (Mϩ2 signal corresponded to 34% of the signal at R t 33.2 min; the Mϩ4 signal, corresponding to the incorporation of one molecule of 13 C 2 -IPP and one molecule of 13 C 2 -DMAPP, was too low to allow accurate quantification; Table I ). The incorporation of [2,3-13 C 2 ]pyruvate into GPP without a concomitant detectable incorporation into IPP or DMAPP was unexpected. It is likely that the detected pools of DMAPP and IPP pools are compartmentalized in the cytoplasm and separated from the plastidial biosynthetic pathway that is responsible for the de novo incorporation of [2,3-13 C 2 ]pyruvate into GPP (Soler et al., 1992; Bouvier et al., 2000) .
According to recent results (Arigoni et al., 1999; McCaskill and Croteau, 1999) , the inhibition of plant IPP isomerase should lead to the accumulation of IPP as the end product of the mevalonate-independent pathway. However, in the present case, treatment of cells with DMAEPP, an inhibitor of IPP isomerase, resulted not only in the anticipated increased accumulation of IPP (225% of control) but also in detectably increased accumulation of DMAPP (118% of control), suggesting that, as recently proposed for Escherichia coli (Hahn et al., 1999; Rodriguez-Concepcion et al., 2000) , the mevalonate-independent pathway may diverge at some point to yield IPP and DMAPP independently. Compared with untreated controls, the DMAEPP-treated samples also showed substantially decreased GPP levels (reduced to 61% of control), indicating that DMAEPP, in addition to influencing IPP isomerase activity, may act as an inhibitor of GPP synthase. Preliminary experiments with purified GPP synthase (isolated from peppermint oil gland secretory cells) confirmed the inhibitory effect of DMAEPP on this enzyme (C.C. Burke, B.M. Lange, and R. Croteau, unpublished data). In the presence of DMAEPP, a considerable proportion of the observed IPP, DMAPP, and GPP pools was produced by de novo incorporation of label from [2,3-13 C 2 ]pyruvate (approximately 30% enrichment), indicating that DMAEPP did not completely inhibit the activities of IPP isomerase and GPP synthase. Because the ratios of IPP to DMAPP, IPP to GPP, and DMAPP to GPP did not change in the presence of this IPP isomerase inhibitor, we now suggest that IPP isomerase of peppermint, similar to IPP isomerase of E. coli (Hahn et al., 1999) , is not an essential component of isoprenoid biosynthesis via the mevalonateindependent pathway. However, this enzyme could play a regulatory role in adjusting IPP:DMAPP ratios under some physiological conditions. Treatment with fosmidomycin led to a significant increase in the intracellular levels of IPP, DMAPP, and GPP but with only marginally increased contribution from de novo synthesis as observed by isotope incorporation. Thus, isoprenoid biosynthesis was effectively inhibited by fosmidomycin at a step prior to the formation of IPP and DMAPP. The accumulation of IPP, DMAPP, and GPP may result from a regulatory feedback loop that allows existing pools of intermediates to proceed to these prenyl diphosphates, whereas labeled pyruvate is not incorporated. An alternative explanation is that, in addition to the inhibition of the reductoisomerase, these compounds accumulate as a result of inhibition of enzymes downstream of GPP synthase.
Treatment with alendronate and pamidronate led to the disappearance of GPP, whereas IPP and DMAPP signals increased in intensity (IPP and DMAPP Ϸ 116% of control for alendronate treatment; IPP and DMAPP Ϸ 110% of control for pamidronate treatment). A considerable proportion of each of these metabolites originated from de novo incorporation of [2,3-13 C 2 ]pyruvate (for IPP, the Mϩ2 signal indicated 58% enrichment for both inhibitor treatments; for DMAPP, the Mϩ2 signal indicated 53% enrichment with alendronate treatment and 43% enrichment with pamidronate treatment). These results provide the first evidence that both compounds exert a strong inhibitory activity on GPP synthase, which is consistent with the known inhibitory effect on other plant prenyltransferases (Oberhauser et al., 1998; Cromartie et al., 1999) . This inhibition was confirmed by direct observation using GPP synthase from peppermint (C.C. Burke, B.M. Lange, and R. Croteau, unpublished data).
Parallel incubations of [2,3-13 C 2 ]pyruvate in the presence of 2 mm methyl viologen, benzyl viologen, or clomazone resulted in the disappearance of all of the prenyl diphosphates, indicating that the previously observed reduction in monoterpene production was caused by an inhibition of one or more enzymatic steps upstream of the formation of IPP and DMAPP.
Effects of Inhibitors on the Accumulation of Other Metabolites
To elucidate the enzyme targets of inhibitors of monoterpene biosynthesis, intracellular metabolites were separated and detected using an LC-MS method optimized for the analysis of a broad range of organic mono-, di-, and triphosphate esters. The total ion chromatograms (TICs) resulting from each treatment were normalized to the intensity of the signals for adenosine 5Ј-monophosphate, the level of which did not change appreciably over the course of the experiment (data not shown). The TIC from extracts of control incubations (no treatment) samples was then subtracted from the TIC of inhibitor-treated samples, thereby yielding a subtraction TIC showing only differences between samples with positive signals indicating a herbicide-mediated increase in the level of the corresponding metabolites and negative signals indicating the opposite effect.
The most pronounced feature of the subtraction TIC resulting from the fosmidomycin-treated cells was the appearance of a signal at m/z 213 [(M Ϫ H) Ϫ ] (32.4 min) that was 4-fold higher in abundance than in control samples (Fig. 5 ). The signal for DXP {m/z 213 [(M Ϫ H) Ϫ ]; 29.8 min} was unchanged compared with controls. The same new compound accumulated when purified recombinant DXP reductoisomerase from E. coli was co-incubated with DXP and fosmidomycin (according to Kuzuyama et al., 1998 ; data not shown). These results suggest the direct observation of 2-C-methyl-d-erythrose-4-phosphate (Fig. 2B) as an intermediate of the reaction catalyzed by DXP reductoisomerase in the presence of fosmidomycin (see Fig. 1 ), but the identity of this aldose phosphate has not yet been confirmed.
Treatment of secretory cells with clomazone resulted in the appearance of new signals at m/z 441 [(M Ϫ H) Ϫ ] (R t 32.6 min) and m/z 259 [(M Ϫ H) Ϫ ] (R t 35.2 min) as indicated by the difference in TIC (clomazone treatment Ϫ untreated control). However, only the signal at 32.6 min afforded a ratio of molecular ions indicating incorporation of label from [2,3-13 C 2 ]pyruvate (the Mϩ2 signal indicated 31% enrichment, and the Mϩ4 signal indicated 20% enrichment; Fig. 6 ). These molecular ions do not correspond to any known intermediate of the mevalonate-independent pathway (or any metabolite of clomazone itself [Weimer et al., 1992] ), and further structural analyses will be required for identification. As indicated above, treatment with DMAEPP, alendronate, or pamidronate influenced the metabolism of prenyl diphosphates but did not result in the accumulation of novel metabolites. Treatment with methyl viologen or benzyl viologen led to a multitude of changes involving increased as well as decreased levels of several unidentified metabolites; these results suggest that neither compound acts on a specific target enzyme of terpenoid metabolism. These inhibitors almost certainly disrupt the general redox chemistry of peppermint oil gland secretory cells and may influence the activity of a number of enzymes only indirectly related to isoprenoid biosynthesis. In contrast to experiments with bacteria (Ogrel et al., 1996; Ostrovsky et al., 1998) , no detectable 2-C-methyl-d-erythritol-2,4-cyclodiphosphate {m/z 277 [(M Ϫ H) Ϫ ]} was accumulated as a consequence of treating peppermint secretory cells with benzyl viologen (data not shown).
CONCLUSIONS
The LC-MS separation and identification methods used here allowed the detection of endogenous pools of intermediates of isoprenoid biosynthesis formed via the mevalonate-independent pathway (i.e. DXP, IPP, DMAPP, and GPP) in peppermint oil gland secretory cells. The results obtained with untreated (control) cells provide evidence that the enzymes that use these substrates (e.g. DXR, GPPS, and limonene synthase) may catalyze slow steps of monoterpene biosynthesis in peppermint. Other established intermediates of the mevalonate-independent pathway in plants, including 2-C-methyl-d-erythritol 4-phosphate (Fellermeier et al., 1999; Lange and Croteau, 1999) , 4-(cytidine 5Ј-diphospho)-2-C-methyl-derythritol (Kuzuyama et al., 2000a; Rohdich et al., 2000a) , 2-phospho-4-(cytidine 5Ј-diphospho)-2-Cmethyl-d-erythritol (Kuzuyama et al., 2000b; Rohdich et al., 2000b) , and 2-C-methyl-d-erythritol 2,4cyclodiphosphate (a confirmed intermediate of the mevalonate-independent pathway in E. coli; Herz et al., 2000; Takagi et al., 2000) , were not accumulated at detectable levels under the experimental conditions used. We were able to confirm the enzyme target of fosmidomycin as DXR, and we found, for the first time, to our knowledge, GPP synthase to be a target for DMAEPP (an IPP isomerase inhibitor), alendronate, and pamidronate (both are prenyltransferase inhibitors). Clomazone treatment of peppermint secretory cells resulted in the accumulation of an unknown metabolite, the structure of which may provide insight into the as-yet-undefined steps of the mevalonate-independent pathway.
MATERIALS AND METHODS
Plant Material and Chemicals
Peppermint (Mentha ϫ piperita L. cv Black Mitcham) plants were propagated and grown as previously described (Gershenzon et al., 1992) . [2-14 C]Pyruvate (0.59 GBq mmol Ϫ1 ) was obtained from DuPont/NEN (Wilmington, DE); [2,3-13 C 2 ]pyruvate was purchased from Cambridge Isotope Laboratories (Andover, MA); phosphonothrixin and fosmidomycin were gifts from Dr. Phil Proteau (Oregon State University, Corvallis); clomazone was generously provided by the FMC Corporation (Philadelphia; courtesy of Dr. D.A. Baver); alendronate and pamidronate were gifts from Dr. Eric Oldfield (University of Illinois, Urbana-Champaign); DMAEPP was prepared synthetically (Mü hlbacher and Poulter, 1988) ; and methyl viologen and benzyl viologen were purchased from Sigma (St. Louis). Except where noted, all other chemicals were obtained from Sigma. The inhibitors were stored as stock solutions (phosphonothrixin, 62 mm in water; fosmidomycin, 100 mm in 1 mm Tris/HCl, pH 6; clomazone, 100 mm in ethanol; alendronate and pamidronate, both 100 mm in water; methyl viologen and benzyl viologen, both 100 mm in methanol).
Isolation of Oil Gland Secretory Cells
Apical leaves (15-20 g, Ͻ10 cm in length) were harvested from vegetative stems of peppermint. Following isolation according to Gershenzon et al. (1992) , the secretory cells were washed with 25 mm Tris/HCl buffer (pH 7.3) containing 200 mm sorbitol, 10 mm Suc, 5 mm MgCl 2 , 10 mm KCl, 1 mm ethyleneglycol bis(␤-aminoethyl ether), 8.5 mm Na 2 HPO 4 , and 0.1 mm Na 4 P 2 O 7 and were then suspended in the same buffer supplemented with 2 mm ATP, 0.1 mm NADPH, 0.1 mm NAD ϩ , 5 mm phosphoenolpyruvate, and 5 mm Glc-6-P. Cell density was determined using a hemacytometer and was adjusted to 1 to 2 ϫ 10 6 cellular discs (each containing eight secretory cells) per milliliter suspension.
Incubation with [2-14 C]Pyruvate and Quantification of Incorporation into Monoterpenes and Sesquiterpenes
The appropriate amounts of inhibitors from stock solutions (2 mm final concentration in secretory cell feeding assay) were transferred to 15-mL screw-cap glass vials, and the solvents were allowed to evaporate for 15 min at room temperature with occasional swirling of the tube. The isolated oil gland secretory cell suspension (1 mL, corresponding to 1.2-1.4 ϫ 10 6 secretory cell clusters) and [2-14 C]pyruvate (1.1 ϫ 10 7 dpm, final concentration 0.3 mm) were added, the suspension was overlaid with 3 mL of n-pentane, and the suspended cells were aerated and incubated at 23°C for 1.5 h. At the end of the incubation period, the n-pentane layer was recovered, and the suspension was extracted three times with 1 mL of diethyl ether. The combined organic extracts were adjusted to a volume of 5 mL with diethyl ether, were washed with 1 mL of 1 m Na 2 CO 3 , and were dried over Na 2 SO 4 . A 5-L aliquot of the mixture was removed for liquid scintillation counting to quantify the accumulated monoterpenes and sesquiterpenes. The identities of these organic-soluble isoprenoid end products (comprised largely of p-menthane monoterpenoids with lesser amounts of several sesquiterpene olefins [Gershenzon et al., 1992] ) were verified in selected samples using radio-gas chromatography as previously described (McCaskill and Croteau, 1995) .
Incubations with [2,3-13 C 2 ]Pyruvate, Extraction of Polar Metabolites, and Sample Preparation for LC-MS
Incubations were carried out for 1 h as described above, but without the n-pentane overlay and with [2,3-13 C 2 ]pyruvate (2 mm) as a substrate instead of [2-14 C]pyruvate. At the end of the incubation period, the isolated secretory cells were gently pelleted by centrifugation (300g, 5 min), the supernatant was discarded, and the loose pellet was transferred to a 5-mL glass vial. The suspended cells were disrupted (verified by light microscopy) by sonication for 1 min at 95 W in a Virsonic 475 Ultrasonic Cell Disrupter (Virtis, Gardiner, NY) equipped with a 3.2-mm microprobe tip. The resulting homogenate was extracted with 2 ϫ 1 mL CHCl 3 , and the aqueous layer was transferred to a 1.5-mL Eppendorf vial and centrifuged (10,000g, 10 min) to pellet cellular debris. The supernatant was then adsorbed to an anion-exchange cartridge (IC-OH, Alltech, Deerfield, IL; the cartridge was conditioned with water according to the manufacturer's instructions), the resin was washed with water to remove uncharged metabolites, and polar, negatively charged metabolites were eluted with 2 m ammonium acetate, pH 6. The eluted samples were then concentrated to dryness under vacuum and were dissolved in 100 L of 0.1 mm ammonium acetate, pH 6, and stored at Ϫ20°C until further analysis.
Analysis of Polar Metabolites by LC-MS
The LC-MS instrumentation consisted of a Hewlett-Packard (Agilent) Series 1100 HPLC (Agilent Technologies, Palo Alto, CA) with a model 1946A mass detector. Polar metabolites were separated on a 200-ϫ 4-mm Nucleodex ␤-OH Cyclodextrin column (Macherey-Nagel, Dü ren, Germany). Two different methods were used for gradient elution, depending on the polarity of the analytes of interest. The aqueous phase was 10 mm ammonium acetate, pH 6.5; flow rate was 1 mL min Ϫ1 (Table II) .
Valve switching on the mass detector allowed the solvent stream to be diverted to waste for the first 15 min of the chromatographic run. This procedure allowed adsorption of the polar metabolites of interest while washing through the high concentration of salts and other compounds present in the secretory cell extracts. Detection of polar metabolites was achieved by atmospheric pressure ionization-electrospray mass detection in the negative ion mode. For prenyl diphosphates (method A), the drying/ carrier gas was nitrogen heated to 350°C with a flow of 12 L min Ϫ1 at a pressure of 20 psi. The capillary was set to 4,000 V with a fragmentor voltage of 75 V and a gain setting of 1. Ions in the range m/z 50 to 350 were scanned from 15 min after injection until the end of the run. For profiling other polar metabolites (method B), the drying/carrier gas was nitrogen-heated to 350°C, with flow of 10 L min Ϫ1 at a pressure of 30 psi. The capillary was set to 5,000 V with a fragmentor voltage of 100 V and a gain setting of 1. Ions in the range m/z 50 to 800 were scanned starting 15 min after injection until the end of the run. Chromatographic separations were simultaneously monitored at 212 to 228 nm using diode array detection. Sample injection volume varied from 10 to 40 L.
